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SCHWEIZ MINERAL. PETROGR. MITT. 80, 131-145, 2000

Major, minor, trace element, Sm—Nd and Sr isotope compositions
of mafic rocks from the earliest oceanic crust
of the Alpine Tethys

by Markus Bill'?, Thomas I' Nigler’ and Henri Masson'

Abstract

Recent isotopic and biochronologic dating has demonstrated that the Gets nappe contains remnants of the oldest
part of the occanic crust of the Alpine Tethys. The ophiolites are associated with deep sea sediments, platform car-
bonates and continental crustal elements suggesting a transitional environment between continental and oceanic
crust. Therefore, the ophiolites from the Gets nappe provide the opportunity to asscss the nature of mantle source
and the magma evolution during the final rifting stage of the European lithosphere. Trace element analyses of mafic
rocks can be divided into two sets: (1) P. Zr and Y contents are consistent with those of mid-ocean ridge basalts and
REE patterns have a P-MORB affinity. (2) P. Zr Ti and Y contents are compatible with within-plate basalts and are
characterized by REE spectra similar to that of T-MORB. Both have Nd isotopic compositions similar to those of
synrift magma of the Red Sea and to the Rhine Graben. The model ages are in agreement with an LREE-enriched
subcontinental mantle source derived from depleted mantle 800 to 900 Ma ago. Minor, trace element and Sm-Nd
compositions suggest that these rocks are basaltic relics of an earliest stage of oceanic spreading i.c. an embryonic
ocean. Comparison between REE patterns, Nd and Sr isotope compositions, isotopic and biochronologic ages from
different Alpine Tethys ophiolites shows that samples with enriched LREE are from the older ophiolitic suites and
are relics of the embryonic ocean floor. Later phases of ocean spreading are characterized by basalts that are de-
pleted in LREE .

Kevwords: ophiolites, geochemistry, Sm-Nd and Rb-Sr isotopes, Tethys, Prealps .

1. Introduction and ultramafic rocks of nappes are studied largely

to identify the magma type, to test a petrogenetic

The importance of Alpine ophiolites as indicators
for the evolution of the Mesozoic ocean was sug-
gested in the 19th century by NOVARESE (1895:
1899) and STEINMANN (1895; 1897; 1906). With the
acceptance of the plate tectonics concept by Al-
pine geologists in the late sixties. the importance
and significance of the ophiolites was reconsid-
ered (e.g. LAUBSCHER, 1969; DERCOURT, 1970;
DEWEY and BIRD, 1970; SMITH, 1971; DEWEY et
al., 1973). Relics of oceanic crust in the Alps are
usually observed as tectonically dismembered
ophiolites. Ophiolites assumed to be of Piemont
basin origin are scattered in several tectonic nap-
pes. The geochemical characteristics of the mafic

model and thus to assign the most probable
paleotectonic setting (e.g. BICKLE and PEARCE,
1975;BEARTH and STERN, 1979; VENTURELLI et al.,
1981; BECCALUVA et al., 1984; BERTRAND et al.,
1987; PFEIFER et al., 1989; DURR et al., 1993;
FRISCH et al., 1994; VENTURINI et al., 1996). In the
inner metamorphic zones of the western Alps
studies of ophiolites have been made to constrain
the regional metamorphic history and to recon-
struct the paleotectonic situation (BEARTH and
STERN 1971: 1979; PFEIFER et al., 1989).

Recent isotopic and biochronologic dating has
demonstrated that relics of the onset of Alpine
Tethys ocean spreading are present in the ophio-
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lites of the Gets nappe. Ophiolitic gabbros from
the Gets nappe were dated with U-Pb on zircons
at 166 = 1 Ma and with **Ar/*Ar on amphiboles at
1659 £ 2.2 Ma (BiLL et al., 1997). These geo-

chronological data correspond to the age of mag-
matic crystallization. Radiolarian assemblages
from radiolarites associated with ophiolitic rock
indicate a middle Bathonian age (UAZone 6.
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BiLL, 1998). Several geological constraints suggest
that isotopic and biochronologic ages obtained in
the Gets nappe date an early stage of the opening
of the Alpine Tethys:

— The bluish to black color of middle Bathoni-
an radiolarites from the Gets nappe are lithologi-
cally quite different from younger deposits of oth-
er supra-ophiolitic radiolarites in the Alps, Corsi-
ca and Apennines. This observation suggests very
poorly oxygenated conditions at the sea floor,
which presumably reflect a stratification of water
mass during the initial stage of oceanization.

— The association of ophiolites, deep sea sedi-
ments, platform carbonates and elements of conti-
nental crust are typical of a stratigraphic sequence
indicating a depositional environment at the
boundary between the continental and the ocean-
ic crust.

— The 1sotopic ages coincide with the end of
tensile fracturing of the NW shoulder of the Pie-
mont rift (Brianconnais s.s.). Because fracturing
never affected transgressive deposits of Late Ba-
jocian—Early Bathonian age (Middle Jurassic)
(e.g. PAGE, 1969; FURRER, 1977; SEPTFONTAINE,
1983) a change in the stress state of the Briancon-
nais crust corresponding to the final continental
break-up is indicated.
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Fig. 2 Simplified stratigraphic section of the Gets

nappe (modified from CARON and WEIDMANN, 1967:
CARON, 1972; FLUCK, 1973).
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The Gets nappe is not affected by the meta-
morphism and deformation that characterizes the
Penninic domain. Therefore the ophiolites of the
Gets nappe provide the opportunity to assess the
nature of the source, generation and evolution of
the magma during the final break-up of the Euro-
pean lithosphere.

On the basis of stratigraphic similarities, age of
ophiolitic gabbros and radiolarites, the paleogeo-
graphic origin of the Gets nappe is usually accept-
ed as Piemontais (e.g. TRUMPY, 1965: CARON et al..
1989: BiLL et al., 1997).

To contribute to a better understanding of the
evolution of the Alpine Tethys ocean we have
made both chemical and Nd- and Sr-isotope
measurements of mafic rocks from the Gets
nappe. We discuss correlations with other nappes
bearing ophiolites and propose a paleotectonic
setting of the Gets nappe.

2. Geological setting

The Gets nappe extends from Gets (French Pre-
alps) to Zweisimmen (Swiss Prealps) (Fig. 1).
It forms the tectonically highest unit of the Pre-
alps nappe system, a thick pile of decollement
cover nappes in the exterior part of the Western
Alps. This nappe consists of two series (Fig. 2):

(1) The Perrieres series at the base of the Gets
nappe is essentially a chaotic and composite wild-
flysch. Argillites and shaly arenite encompass
abundant blocks and lenses of oceanic and conti-
nental origin. The blocks and lenses are composed
of ophiolites (serpentinites, basalts and more
rarely gabbros and ophicalcites), deep-water sedi-
ments (radiolarites, pelagic limestones and man-
ganiferous shales), Paleozoic granites and clastic
and platform carbonates. This association of rocks
is a typical “ophiolitic mélange™ in the sense of
GANSSER (1974). Such associations play a promi-
nent role in several Tethyan Belts where they are
related to oceanic sutures at convergent plate
boundaries. The base of the wildflysch is dated
with planktonic foraminifera at Neocomian. For
detailed field descriptions and stratigraphic or
petrographic studies of the wildflysch and its vari-
ous lenses, see JAFFE (1955), SALIMI (1965), ELTER
et al. (1966), CARON and WEIDMANN (1967), and
BERTRAND (1970).

(i1) The Perricres Series is overlain by the
Hundsriick series, which consists mainly of aren-
ite, shaly interlayers and pebbly sandstones inter-
preted as a coarse clastic turbiditic sequence
(FLUCK, 1973: CarON et al., 1989). The Hundsriick
Flysch is dated with nannofossils and planktonic
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)

foraminifera at late Coniacian to Early Campan-
ian (upper Cretaceous, FLUCK, 1973).

Preliminary measurements of illite crystallini-
ty (BiLL, 1998) display a metamorphic gradient.
The interior part of the Gets nappe was subjected
to anchizone metamorphic conditions (200 to
300 °C) and the exterior part is diagentically al-
tered (100 to 200 °C).

3. Occurrence and petrography of mafic rocks in
the Gets nappe

3. 1. BASALTS

Basaltic rocks of the Gets nappe crop out in the
basal wildflysch (Perrieres Series) of the Gets
nappe as:

— Fragments, lenses and blocks from one cen-
timeter to hundreds of meters on a side in a pelitic
matrix. Locally they are associated with ultra-
mafic, granitic, ophicalcite and sedimentary rocks.

— Dikes intruding granitic blocks.

— Components of polymict breccia blocks.

The most common basaltic rocks found in the
Gets nappe are characterized by an intersertal
texture where interstices between laths of plagi-
oclase and sometimes pyroxene (often chlori-
tized) are occupied by fine-grained chlorite which
may represent an altered glass. Rare pseudo-
morphs after olivine are observed. Basaltic rocks
forming pillow lava have an arborescent texture
in the center of the pillow and a spherulitic tex-
ture formed by plagioclases at the margin.

Basaltic rock components in the breccia are
observed associated with fragments of ultramafic
rocks and/or granitic, metamorphic and sedimen-
tary rocks in different kinds of matrices:

— Polymict breccias are made of mafic, granit-
ic, metamorphic and sedimentary components in
a matrix of millimeter-sized grains. The mafic
rocks contain albite and chlorite and have inter-
sertal spherulitic and sometimes porphyritic tex-
tures. The grains of the matrix were formed by the
destruction of various components of the breccia.

— Polymict breccias contain basaltic compo-
nents occasionally associated with granitic and
coarse grained crinoidal limestone fragments. The
mafic rocks contain plagioclases and chlorite and
sometimes pyroxene and have intersertal, branch-
ing or spherulitic textures. The components of the
breccia are contained in a hematitic matrix.

— Polymict breccias with basaltic components
in an argillaceous matrix are often associated with
granitic and sedimentary fragments. Mafic rocks
contain plagioclases and chlorite and also have
intersertal and branching textures.

3.2. GABBROS

Outcrops of gabbro are rare in the Gets nappe.
Such rocks were sampled in the French Prealps
near the Col des Gets. Gabbros are found as
blocks and are associated with serpentinite and
radiolarites lenses. Two different kinds of textures
characterize these gabbos:

— Sample MR3 has a pegmatitic texture with
cm long crystals of plagioclase and euhedral pale-
green to brownish amphibole. The amphibole is a
Ti-rich ferroan pargasite. The large size, the euhe-
dral shape of the amphiboles, the absence of py-
roxene relics, chemical zoning, and the pegmatitic
nature of the rocks all suggest that the amphibole
crystallized from a rather evolved hydrous melt.
Moreover the pargasitic composition, its high Ti
content (0.4 per formula unit), validate a late-
magmatic/deuteric origin  (e.g. RAASE, 1974;
GIRARDEAU and MEVEL, 1982). The gabbros are
strongly sheared and are characterized by pre-
ferred mineral orientation, deformation and syn-
kinematical recrystallization of plagioclase into
small polvgonal grains, and pargasites with rare
shear bands that include small angular grains of
identical composition.

— Gabbro RB3 is coarse-grained with a sub-
ophitic texture. It consists of euhedral and serici-
tized plagioclase, Ti-bearing augitic clinopyrox-
ene (sometimes with a high-Ti pargasitic rim) and
includes a few resorbed olivine crystals.

4. Geochemistry
4.1.ANALYTICAL METHODS

Bulk rock analyses were obtained by X-ray fluo-
rescence (XRF) methods using a Philips PW 1400
spectrometer (Sc-Mo tube). Major and minor ele-
ments were measured on glass beads and com-
mon trace elements on powder pellets at the Cen-
tre d’Analyse minérale, Lausanne. The spectro-
meter calibration was based on international
standards from the U.S. Geological Survey,
ANRT-France and NIM-South Africa.

Rare Earth Elements (REE) of eighteen sam-
ples were analysed by a VG PlasmaQuad Induc-
tively Coupled Plasma/Mass Spectrometer. A
Na,O, fusion technique was used to ensure total
dissolution of the sample. Samples were meas-
ured in the XRAL Laboratories, Toronto, Cana-
da. Isotopic measurements were carried out at the
Laboratory for Isotope Geology at the Mineralo-
gy and Petrography Institute, University of Bern,
Switzerland. For Sm and Nd analyses samples
were spiked ("*Sm/""'Nd) and dissolved in Teflon
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screwtop containers. The chemical separation of
Sm and Nd was that of NAGLER et al. (1995). Nd
isotope ratios were measured as NdO* on a Re
filament 1n a VG sector mass spectrometer in sin-
gle collector mode. Nd isotope ratios were nor-
malized to M°Nd/"*Nd = (.7219. The fractionation
correction followed the exponential law. Runs of
La Jolla Nd standard yielded a value of 0.522869 +
28 (20: n = 6) during the course of this work. Sm
isotope analyses were performed on an AVCO
single collector mass spectrometer. Standard ion-
exchange techniques were used to extract Sr from
mafic rocks. Sr was loaded onto a Ta filament by
using a solution of H;PO, and isotopic ratios were
measured in single collector dynamic mode on a
VG mass spectrometer. The SRM standard was
measured at a value of 0.710223 £ 11 (20:n = 4).

4.2. MAJOR ELEMENT COMPOSITIONS

Chemical compositions of the diabases and gab-
bros of the Gets nappe are reported in table 1. For
oceanic magmatic rocks affected by an orogene-
sis, it Is a prerequiste to test possible element mo-
bility to constrain the original magmatic signal.
Most of the samples are spilitized. For the basalts
loss on ignition varied between 3.89 and 12.32. A
large amount of Na,O linked with a high loss on
ignition (LOT) characterises most of the samples.
Sample ER1 has a particularly high LOT and lacks
K,O and Na,O. This observation suggests a chem-
ical metasomatic change in connection with a hy-
dration event. Therefore the high mobility of al-
kalies does not permit the use of TAS or CIPW
classifications.

The mobility of the major elements was tested
against REE which are known for their low mo-
bility. A good correlation with REE is measured
for TiO, and P,Os. Moreover the "7Sm/'"™Nd ra-
tios show the same trend for TiO, and P,Os. Fe,O,
shows a slight mobility. The concentrations of oth-
er major clements are not correlated with concen-
trations of REE implying variable mobility. The
major elements of basalts show a bimodal distri-
bution of Fe,O; MgO, TiO, and P,O. Al,O4 and
Ti0, contents have a composition close to that of
basaltic liquid.

Different gabbros have different chemical
compositions. Samples MR1 and MR3 with alkali
contents of 5.4-5.72 fall in the field of gabbros
with normative olivine and nepheline. Data for
sample RB3 with 52.2% SiO, and 6.6% alkalies
plot in the field of olivine gabbros and the rock
contains normative olivine and hypersthene. Ti.
Zr. and P elements have a tholeiitic affinity
(FLoyp and WINCHESTER, 1975).

(O8]
hn

43. TRACE ELEMENT COMPOSITIONS

The mobility of trace elements was also tested
against REE. A good correlation with REE was
observed for Zr and Y suggesting that these ele-
ments were relatively immobile. On the same ba-
sis, Cr and V were slightly mobile.

The basalts of the Gets nappe exhibit a bimo-
dal distribution of Zr, Y, Cr and trace element
contents (Tab. 1):

— The first group is characterized by Zr < 130
ppm. Y< 20 ppm and Cr > 140 ppm.

— The second set is characterized by Zr > 200
ppm.Y > 20 ppm and Cr < 140 ppm.

The Ti—-Zr plot (PEARCE et al., 1981) allows a
distinction to be made between intermediate and
evolved melts (Fig. 3). In fact crystallization of a
Ti-bearing oxide provoked Ti depletion in the
magma which is correlated with an increase in
Si0O, and Zr. Thus, only points plotting above the
line separating basic and evolved melts should be
used to discriminate basalts (PEARCE et al., 1981).
Moreover this plot separates the basic and
evolved rock into volcanic arc basalt (VAB) and
within-plate basalt (WPB). Two groups of sam-
ples can be distinguished in this plot. A first set is
characterized by a clearly basic composition and
forms a group within mid-ocean ridge basalt
(MORB) field overlapping the volcanic VAB
field. The other set is included in the WPB field.

The Cr-Y plot (Fig. 4) proposed by PEARCE
(1980) is particularly useful because neither Y nor
Cr participate in the processes that cause mantle
heterogeneity. Moreover this plot separates is-
land arc tholeiite (IAT) from WPB and MORB.

Gets Nappe Basalts

10000
E A
i /
= I

4 \
1000

10 100

Zr (ppm)

Fig. 3 Ti-Zr covariation diagram (PEARCE, 1981)

showing the fields of MORB: mid-ocean ridge basalt;
VAB: volcanic-arc basalt: WPB: within-plate basalt. The
straight line separates basic from evolved melts.
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Again, the basaltic rocks of the Gets nappe exhib-
it a bimodal distribution, with one group charac-
terized by a high concentration of compatible Cr
and low concentration of incompatible Y. This
chemical composition suggests a relatively primi-
tive magma that has not undergone strong frac-
tionation of olivine, Cr-spinel and/or pyroxenes
(PEARCE, 1980; 1982). This group exhibits an TAT
affinity and coincides with the group character-
ized by Zr content < 200 ppm exhibiting Zr-Ti af-
finity with MORB (Fig. 3). The second group is
marked by lower Cr contents and higher Y con-
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Fig. 4 Cr-Y diagram after PEARCE (1980). The dashed
line shows the partial melting degree of primordial man-
tle source magma (C, chondrite). Arrows indicate the
evolution of the Cr-Y composition of the magma during
the fractional crystallization (ol: olivine and Cr-spinel:
cpx: clinopyroxene: pl: plagioclases) after Hock and
MILLER (1987). Discrimination fields are [AT:islands arc
tholeiite; MORB: mid-ocean ridge basalt: WPB: within
plate basalt: squares are basalts, triangles are gabbros.
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tents. This group overlaps the MORB-WPB fields
and has a Zr-Ti affinity with WPB mid-ocean
ridge basalt. The two clusters are marked by gab-
bros with low Cr concentrations suggesting that
the magmas underwent fractionation of Cr-bear-
ing minerals.

Multi-element diagrams normalized to N-type
MORB (PEARCE, 1982) also define two different
populations (Fig. 5):

— in figures SA and 5C, the basalts are charac-
terized by a depletion in K in the first part of the
curve, probably linked to alteration. The pattern
of the second part of the curve is flat, with normal-
ized concentrations of elements from Ce to T
close to unity. Y and Yb display a negative anoma-
ly. Cr concentrations are close to unity and the sig-
nal of Ni is ubiquitous. The pattern of the curves
suggests a T-MORB affinity.

— 1in figure 5B, the second part of the curve for
basalts is characterized by a relative enrichment
in P and Zr. Sm, Ti, Y and Yb are close to unity
and Cr and Ni show a negative anomaly. A basal-
tic dike (sample P4) intruding granite shows an
identical pattern but is characterized by higher K,
Rb, Ce and P values and more pronounced Cr and
Ni negative anomalies. The pattern of the curves
suggest a WPB affinity (PEARCE, 1982).

Gabbro samples exhibit different patterns
(Fig. 5D). Samples MR1 and MR3 are character-
ized by a lower content of elements with low ionic
potential probably corresponding to partial
leaching. MR1 and MR3 gabbros are enriched in
Zr. The pattern for elements from Zr to Yb of
sample MR3 is relatively flat. The chemical pat-
tern of these rocks has a transitional character.

Rare Earth Element (REE) compositions nor-
malized to chondrites (SUN and McDONOUGH,
1989) show two principal patterns (Fig. 6). One set
(Figs 6A, C) is characterized by an increasing en-
richment from heavy REE to light REE. (La/
Sm)y ratios range from 1.7 to 2.3. Samples OESI
and ER1 have a small negative Eu anomaly sug-
gesting plagioclase fractionation. The parallel pat-
terns of REE are consistent with a common mag-
matic source. The light-REE enrichment suggests
a light-REE enriched source or small degrees of
partial melting. Such REE patterns are character-
istic of plume type MORB composition (SUN et
al.. 1979). The other set (Fig. 6B) exhibits a “hori-
zontal™ pattern suggesting a transitional MORB
composition. (La/Sm)y ratios range from 1 to 1.5.

Gabbros (Fig. 6D) show relatively parallel pat-
terns with a depletion in heavy REE. Gabbro
sample MR3 is characterized by a negative Eu
anomaly which could suggest plagioclase frac-
tionation during the evolution of magma.
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Fig. 6 Chondrite normalized REE patterns for basalts and gabbros of the Gets nappe. Normalized values after SUN
and McDONOUGH (1989). A, B and C are basalts: D are gabbros.
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4.4, ISOTOPIC COMPOSITIONS

Nd and Srisotope analyses of basalts covering the
two different sets of chemical compositions are
given in table 2. The two chemical sets are not
characterized by different isotopic signals. exger) 18
calculated by using 166 £ 1 Ma, the U-Pb zircon
age of gabbros from the Gets nappe (BILL et al.,
1997). Apparent ey, Values of the mafic rocks
vary only slightly from 4.4 t0 5.9 except for sample
JA2 which has a lower value. Strontium isotope
ratios are high and vary widely from 0.7071 to
(0.7084. The high ¥Sr/*Sr ratios suggest interac-
tion of mafic rocks with fluid-bearing continental
crust. This observation is consistent with the high
loss on ignition and partial leaching of alkalies.
The ¥Sr/%Sr signal can be explained by two differ-
ent episodes of fluid-rock interaction:

(a) ¥Sr/%Sr > 0.708 can not be explained by
interaction with middle Jurassic or Cretaceous
sea water, which had an average ¥Sr/*Sr < 0.708
(BURKE et al., 1982; VEIZER 1997; VEIZER et al.,
1997). However, isotopic and biochronologic data
have demonstrated that oceanic crust is present in
the ophiolite suite of the Gets nappe (BiLL et al..
1997; BiLL, 1998). Consequently the ¥Sr/%Sr ratio
can be explained by interaction with water of a
small basin not connected to marine water from
the Tethys and contaminated by input of radio-
genic Sr from an old shield (such as Western
Gondwana and the Laurasian continental crust).

(b) The mafic rocks of the Gets nappe are em-
bedded in a chaotic wildflysch representing an
ophiolitic melange typical of an accretionary
prism. The high ¥Sr/*Sr ratio can be explained by
water-rock interaction in the accretionary prism
during subduction. Such a mechanism is in agree-
ment with illite crystallinity and data for associat-
ed clay phases which indicate an abnormal paleo-
thermal gradient in the Gets nappe. The paleo-
thermal gradient is explained by warm fluid flow
through the thrust or through a zone with

high porosity (BILL, 1998).

engcmy Values (Fig. 7) suggest that basalts of the
Gets nappe are similar to the Red Sea and the
Rhine Graben rifting magmas (CHAZOT and BER-
TRAND, 1993; ALIBERT et al., 1983; WORNER et al.,
1986). Samples having high ey, values (> 4.4)
preclude important crustal contamination. Sam-
ple JA 2 having exy, < 0, suggests important flu-
id-rock interaction or contamination by continen-
tal crust. The important fluid-rock interaction of
sample JA 2 is consistent with partial leaching of
alkalies and the high loss on ignition. In the ey, vs
time diagram (Fig. 8), the basalts defined a linear
array with '7Sm/'"Nd slopes ranging from 0.156
to 0.179. The intersection with the depleted man-
tle evolutionary path (DM model of NAGLER and
KRAMERS, 1998) suggests that mafic rocks of the
Gets nappe were derived from a light-REE en-
riched source separated 800 to 900 Ma ago. The
scatter of eyycr, values at time 0 can be explained
by a heterogenous source and/or by contamina-
tion. These results are in remarkable agreement
with those of mafic and ultramafic rocks from the
Alpine belt and adjacent region in Central Eu-
rope (STILLE and SCHALTEGGER, 1996). The ages
of these rocks range from 1000 to 17 Ma. These
authors suggest the presence of a Central Europe-
an Enriched Mantle (CEEM) which decoupled
from the convecting mantle 700 to 900 Ma ago.

5. Discussion

5.1. MAGMA TYPE AND PALEOTECTONIC
SETTING

Chemical features of the mafic rocks of the Gets
nappe allow them to be separated into two
groups:

(1) Mafic rocks characterized by a Y concen-
tration lower than 15 ppm, Zr lower than 170 ppm
and Cr higher than 170 ppm. The low concentra-

Tab. 2 Srand Nd isotopic composition of basalts of the Gets nappe.

Sample ER3 OESI WEN]I JA2 JA4 JA9

Sm (ppm) 3.43 3.73 4.59 7.08 4.42 5.43

Nd (ppm) 12.92 13.89 17.51 20.77 15.67 18.34
H7Sm/'*Nd 0.1604 0.1625 0.1585 0.2060 0.1704 0.1790
HIN/Nd 0.51285+21  051283+17 0.51284+15 051264+25 0512800+ 19 0.51292+ 26
eNd(0) 4.1 3.7 4.0 0.0 5.0 5:5

eNd (166 Ma) 4.9 44 4.8 -0.2 5.6 59

T DM * 0.86 0.96 0.84 9.54 0.88 0.99
YRb/*Sr 0.026 0.059 0.040 0.024 0.139 0.284
87Sr/%8r, 0.708454 £ 28 0.708221 +43 0.707424 £23  0.708354+ 16 0.707491 £ 49  0.707117 £ 14
YIST/ST 66 vy 0.7084 0.7081 0.7073 0.7083 0.7072 0.7064

# after NAGLER and KRAMERS (1998)
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tion of incompatible Y and high concentration of
compatible Cr suggests a relatively primitive
magma. Their high concentration in light REE
(La/Sm)y > 1.5 suggests a P-MORB affinity. This
group is compatible with a source enriched in
light REE.

(2) Mafic rocks with a within plate basalt
(WPB) aftinity (Fig. 3) are characterized by Zr
content > 200 ppm, Y concentration > 20 ppm and
Cr <170 ppm. REE patterns show (La/Sm)y < 1.5

and suggest an affinity to transitional mid-ocean
ridge basalts. In the field these rocks intrude gran-
ites or formed breccia associated with granitic,
metamorphic and sedimentary elements.

The chemical features of these two groups are
consistent with those of basalts from the onset of
oceanic spreading, i.e. an embryonic ocean. The
chemical features also suggest that these two
groups belong to different magmatic events or
stages of magmatic differentiation. Morever,

20
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Fig. 7 exyer, versus YSr/%Sr; for basalts of the Gets nappe. DMM, HIMU, PREMA and BSE mantle after ZINDLER
and HART (1986): Rhinegraben field after ALIBERT et al. (1983) and WORNER et al. (1986); Mantle source of carly
Red Sea rifting after CHAZOT and BERTRAND (1993); Valaisan fields after CANNIC (1996) and STILLE and SCHALTEG-
GER (1996): Voltri group and Bracco unit after BOrsI et al. (1996).
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Fig. 8  &xyer) versus age for basalts of the Gets nappe and for lithospheric mantle derived rocks in Central Europe
after STILLE and SCHALTEGGER (1996). Depleted mantle evolution model from NAGLER and KRAMERS (1998).
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Paleozoic granites associated with the ophiolites
are intruded by basaltic dikes showing a light
REE enriched pattern (Fig. 6). These blocks
record tensile fracture of the continental crust
during its break-up. This suggests a fracturing of
the continental crust favoring the decompression
of magma from the deep mantle during the rifting.

The similarity of Nd isotopic composition to
the synrift magma from the Red Sea and from the
Rhine graben is another indication of a synrift
paleotectonic setting. Moreover the model ages
and REE pattern are compatible with a magmatic
source derived from an enriched lithospheric
mantle source (STILLE and SCHALTEGGER, 1996).
Lithospheric mantle can be expected to be found
where the continental plate breaks up and repre-
sents a primitive stage of oceanization (e.g.
VOGGENREITER et al., 1988).

These results are in remarkable agreement
with isotopic, biochronolologic, dating and geo-
logical constraints showing that the age of an
ophiolitic suite represents an early stage of the
opening of the Alpine Tethys as outlined in the
introduction. We conclude that Nd isotopes,
chemical features, isotopic and biochronologic
dating and geological constraints are consistent
with at least a part of the Gets ophiolites and rep-
resents an early stage of oceanic spreading.

5.2. COMPARISON WITH OTHER OPHIOLITES
FROM THE ALPINE TETHYS

In order to constrain the paleogeographic and
paleotectonic history of the Alpine-Mediterrane-
an Tethys and to understand the structural posi-
tion of relics of oceanic lithosphere having partic-
ular REE pattern in Alpine belt, we have com-
piled data from five different cross sections: 1) the
Eastern Swiss Alps (VENTURELLI et al., 1981;
FriscH et al., 1994); 2) the Western Swiss Alps
(BECCALUVA et al., 1984; PFEIFER et al., 1989; this
study): 3) Corsica (DURAND-DELGA et al.,, 1997;
VENTURELLI et al., 1979); 4) Ligurian units from
the Apennines (VENTURELLI et al., 1981) and 5)
the Nevado-Filabride Complex from the Betic
Cordillera (BODINIER et al., 1987; Puca 1990;
PuGa et al., 1995).

The Gets, the Zermatt-Saas and the Balagne
nappes have light-REE enriched basalts suggest-
ing a source enriched in light REE or residual gar-
net in the source or a small degree of partial melt-
ing (Fig. 9). The Gets and Balagne nappes are lo-
cated in the most external tectonic position of the
ophiolitic nappes and were affected by a weak
metamorphism. Ophiolitic gabbros from the Gets
nappe have U-Pb ages of 166 £ 1 Ma (BILL et al.,
1997). Gabbros from the Zermatt-Saas nappe

have SHRIMP U-Pb ages of 164.0 + 2.7 Ma and
163.5 + 1.8) (RUBATTO et al., 1998). Considering
the uncertainty in the geochronologic scale
(ODIN, 1994), the ages of Gets and Zermatt-Saas
gabbros are located between the base of the Bajo-
cian (170 +4/-3 Ma) and the Bathonian (164 + 2
Ma). The presence of inherited Proterozoic and
Archean zircons in the ophiolitic gabbros from
the Zermatt-Saas nappe also suggests contami-
nation by continental lithosphere at an early
stage of oceanization (RUBATTO et al., 1998). The
oldest supraophiolitic radiolarites are located in
the Gets and Balagne nappes, and are middle
Bathonian in age.

Outside the Alps and the Apennines, in the
Betic Cordillera, the eclogitic ophiolites from the
Nevado-Filabride Complex are considered relics
of oceanic lithosphere of the southwestern part of
the Alpine Tethys. The chemical composition of
eclogitic metabasites have light-REE enriched
spectra (Fig. 9 L ) (BODINIER et al., 1987; PUGA,
1990; PuGa et al., 1995). Metadolerites and meta-
basalts associated with pillow lavas have “YAr/
YAT ages of 158 £ 4 Ma (Puca et al., 1991; PuGa
et al., 1995) and K/Ar ages ranging from 164 + 4
Ma to 174 £ 4 Ma (PORTUGAL et al., 1988). More-
over HEBEDA et al. (1980) published a Rb/Sr age
of 146 + 4 Ma for this sample and associated sam-
ples have excess “Ar contents. *’Sr/*Sr ratios
from 0.7028 to 0.7031 were obtained on ophiolitic
gabbros from Nevado-Filabride =~ Complex
(HEBEDA et al., 1980). These Sr isotope ratios are
similar to those of mid-ocean ridge basalts. The
mafic rocks from the Nevado-Filabride Complex
are composed of oceanic relics with ages ranging
from Bajocian-Bathonian (Middle Jurassic) to
middle Kimmeridgian (Late Jurassic) and have an
enriched light-REE composition reflecting a con-
tinuous and similar process of partial melting or
persistence of garnet in the source.

REE patterns of basalts from the Ligurian
nappes (Fig. 91, K), Inzecca (Fig. 9H) and Cap
Corse (Fig. 91) units have light-REE depleted pat-
terns. Ophiolitic plagiogranites from the Voltri
group (Ligurian Alps) and from the Bracco unit
(Internal Ligurian units) (Borsi et al. 1996) have
higher eyyr) values than basalts from the Gets
nappe (Fig. 7). exgery of plagiogranites in ophio-
lites of the Voltri group and the Bracco unit are
similar to MORB values and have U-Pb zircon
ages of between 150+ 1 Ma and 153 £ 1 Ma (BOR-
st et al. 1996). In the Internal Ligurian units two
ophiolitic diorites have **Ar/*? Ar ages in amphib-
oles of 158.3 £ 2.9 Ma (BorToLOTTI et al., 1990;
Bortororrl et al., 1995) and ophiolitic plagio-
granites have ages of between 157.2 £ 2 Ma and
158 + 1.1 Ma (BortoLOTTI et al., 1995) which are
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Fig. 9 REE pattern comparison of basalts from the Alpine Tethys. ( ) number of samples, (A) Arosa nappe,
(B) Platta nappe after FriscH et al. (1994): (C) South Engadine, (D) Gets nappe; (E) Antrona nappe and
(F) Zermatt-Saas nappe after BECCALUVA et al. (1984) and PFEIFER et al. (1989); (G) Balagne nappe after VEN-
TURELLI et al. (1981) and DURAND-DELGA et al. (1997); (H) Inzecca, (I) Cap Corse, (J) External Ligurian Units and
(K) Internal Ligurian Units after VENTURELLI et al. (1981); (L) Nevado-Filabride Units after BODINIER et al. (1987),

Puca (1990) and PuGa et al. (1995).

interpreted as the time of magmatic emplacement
or of immediate subsequent oceanic metamor-
phism. Supraophiolitic radiolarites from the inter-
nal and external Ligurian units have a biochrono-
logical age between Upper Callovian and Middle
Kimmeridgian (BiLL, 1998). These ages are slight-
ly younger than the Upper Bathonian to Callo-

vian ages of radiolaritic cover from ophiolites
with depleted light REE. In the Inzecca units
U-Pb of two oceanic plagiogranites have ages of
161 £ 3 Ma (OHNENSTETTER et al., 1981). Again
the correlation between ages and REE patterns
suggests that the younger basaltic relics of Alpine
Tethys are depleted in light REE. The basalts
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from the Platta nappe have two different REE
patterns, one characterized by enrichment in light
REE and the other by a depleted REE composi-
tion (FRISCH et al., 1994). Phlogopite in a pyrox-
enite from the Totalp ultramafic body gave an
WATr/MYAr age of 160 £ 8 Ma which is interpreted
as the cooling age of upwelling of subcontinental
mantle (PETERS and STETTLER, 1987).The melting
of subcontinental mantle can be related to an ear-
Iy stage of ocean spreading. Zircons from gabbros
and a dioritic vein from the Platta nappe have an
U-Pb age of 161 £ 1 Ma (DESMURS et al., 1999).
This age of the Platta ophiolite (161 = 1 Ma) is
located on the geochronological scale (ODIN,
1994) at the base of the Callovian (160 £ 2 Ma).
For Platta gabbros to be younger than the Gets
and Zermatt-Saas gabbros suggests that at least a
part of the Platta ophiolites are relics of a later
phase of Alpine Tethys spreading.

These data are consistent with those of an em-
bryonic ocean floor with a light-REE enriched
source. The later phases of oceanic spreading are
characterized by basalts with light-REE deple-
tion. The REE spectra of these different ophiolitic
nappes record the evolution of the magmatic
source of Alpine Tethys oceanic crust.

6. Conclusions

The geochemistry and Nd isotope composition of
basaltic ophiolites from the Gets nappe indicate
that this nappe consists essentially of relics of em-
bryonic oceanic crust. The chemical composition
of mafic rocks from the Gets nappe are divided
into two groups:

(1) The chemical composition of the first
group is characterized by Zr < 130 ppm, Y < 20
ppm and Cr > 140 ppm; the high concentrations of
light REE suggests a light REE enriched source
or small degrees of partial melting and is consist-
ent with P-MORB.

(2) A second group is characterized by Zr >
200 ppm,Y > 20 ppm. Cr < 140 ppm; the horizon-
tal REE spectrum is consistent with mixing be-
tween normal type MORB and plume type
MORB.

ena vValues of these two groups are similar to
those of the Red Sea and the Rhine Graben rift-
ing magmas. Model age calculations and REE-en-
riched compositions are compatible with the Eu-
ropean subcontinental mantle source separating
from the convecting mantle 800 to 900 Ma ago.
Such a lithospheric mantle can be expected to be
found where the final continental lithosphere
break-up occurred and therefore represents the
carliest stage of oceanic spreading.

The comparison between REE patterns, Sm-
Nd and Sr isotope compositions, isotopic and bio-
chronologic ages of ophiolitic suites from differ-
ent relics from the Alpine Tethys show that:

— The basalts with a light-REE enriched com-
position correspond to embryonic ocean as in the
Gets. Zermatt-Saas and Balagne nappes and
probably are a part of the ophiolites from the
Platta Nappe.

— The relics of oceanic lithosphere represent-
ing later phases of ocean spreading are found in
the internal and external Ligurian units and in
Inzecca and Cap Corse units. The matic rocks
from these nappes are characterized by a light-
REE depleted composition. ey, of ocean gab-
bros and plagiogranites from the Ligurian Alps
and Internal Ligurian units have higher values
than those of the Gets, and are similar to MORB
values. These correlations suggest the spreading
of Alpine Tethys was marked by a change of man-
tle source.

Acknowledgements

This work was partly supported by the Swiss National
Science Foundation (projects 20-40756.94 and 21-
45789.95). We thank Denis Fontignie, Jan D. Kramers
and Urs Schaltegger for the critical review of the manu-
script. James R. O'Neil is gratefully acknowledged for
improving the English.

References

ALIBERT, C., MICHARD. A. and ALBAREDE, F. (1983):
The transition from alkali basalts to kimberlites:
Isotopes and trace element evidence from melilites.
Contrib. Mineral. Petrol. 82, 176-186.

BEARTH, P and STERN, W. (1971): Zum Chemismus der
Eklogite und Glaukophanite von Zermatt. Schweiz.
Mineral. Petrogr. Mitt. 51, 349-359.

BEARTH, P. and STERN, W. (1979): Zur Geochemie von
Metapillows der Region Zermatt-Saas. Schweiz.
Mineral. Petrogr. Mitt. 59, 349-373.

BEccaLUvVA, L., DAL Piaz, G.V. and MACCIOTTA, G.
(1984): Transitional to normal MORB affinities in
ophiolitic metabasites from the Zermatt-Saas,
Combin and Antrona units, Western Alps: implica-
tions for the paleogeographic evolution of the
Western tethyan basin. Geol. en Mijnbouw 63.165-
177.

BERTRAND, J. (1970): Etude pétrographique des ophio-
lites et granites du flysch des Gets (Haute-Savoie,
France). Arch. Sci. Geneve 23, 279-542.

BERTRAND, J., DIETRICH, V., NIEVERGELT, P. and Vua-
GNAT, M. (1987): Comparative major and trace ele-
ment geochemistry of gabbroic and volcanic rock
sequences, Montgenevre Ophiolite, Western Alps.
Schweiz. Mineral. Petrogr. Mitt. 67, 147-169.

BICKLE, M.J. and PEARCE, J.A. (1975): Oceanic mafic
rocks in the Eastern Alps. Contrib. Mineral. Petrol.
49,177-189.

BiLL. M., Bussy, F., Cosca, M.A..MassoN, H.and HUN-
ZIKER, J.C. (1997): High-precision U-Pb and *'Ar/



144

¥Ar dating of an Alpine ophiolite (Gets nappe.
French Alps). Eclogae geol. Helv. 90, 43-54.

BiLL, M., (1998): Isotopic, chemical and biostratigraphic
data from the Gets and Prealpes Medianes Rigides
Nappes: Constraints for oceanisation and tectonic
evolution of the Western Alps. Ph.D. thesis. Univ.
Lausanne, Switzerland, 185 pp.

BODINIER, J.L.. MORTEN, L., PuGA, E. and Di1Az DE FRE-
DERICO, A. (1987): Geochemistry of metabasites
from the Nevado-Filabride Complex. Betic Cordi-
lleras, Spain: Relics of a dismembered ophiolitic se-
quence. Lithos, 20, 235-245.

Borslt, L., SCHARER, U., GAGGERO, L. and CrispINI, L.
(1996): Age, origin and geodynamic of plagiogran-
ites in lherzolites and gabbros of the Piedmont-
Ligurian ocean basin. Earth Planet. Sci. Lett. 140,
227-241.

BorroLoTTl, V., CELLAL D., VAGGELLI, G. and VILLA,
[.M. (1990): **Ar/*Ar dating of apenninic ophiolites:
I. Ferrodiorites from La Bartolina Quarry, Southern
Tuscany, Italy. Ofioliti 15, 1-15.

BorroLoTTl, V., CELLAL D., CHIARI, M., VAGGELLI, G.
and ViLLa, LM. (1995):* Ar/* Ar dating of Apennin-
ic ophiolites: 3. Plagiogranites from Sasso di Castro,
northern Tuscany, Italy. Ofioliti 20, 55-65.

Burke, W.H., DeNisoN, R.E., HETHERINGTON, E.A.,
KoepNICK, R.B., NELsON, H.F. and OTTO, L.B. (1982):
Variation of seawater ¥Sr/*Sr throughout Phanero-
zoic time. Geology 10, 516-519.

CANNIC, S, (1996): L'évolution magmatique et tectono-
métamorphique du substratum du domaine Valai-
san (complexe du Versoyen, Alpes occidentales):
implications dans I'histoire alpine. Ph.D. thesis. Univ.
Joseph Fourier, Grenoble, France. 255 pp.

CARroON, C. (1972): La nappe supéricure des Préalpes:
subdivisions et principaux caracteres du sommet de
I"édifice préalpin. Eclogae geol. Helv. 80, 357-398.

CaroN, C., HOMEWOOD, P. and WiLDI, W. (1989): The
original Swiss flysch: A reappraisal of the type de-
posits in the Swiss Prealps. Earth-Sci. Rev. 26, 1-45.

CARON, C.and WEIDMANN, M. (1967): Sur les flysch de la
région des Gets (Haute-Savoie). Eclogae geol. Helv.
60, 357-398.

CHAZOT, G. and BERTRAND, H. (1993): Mantle sources
and magma-continental crust interactions during
carly Red Sea-Gulf of Aden rifting in southern Ye-
men: Elemental and Sr. Nd. Pb isotope evidence.
J. Geophys. Res. 98, 1819-1835.

DERCOURT, J. (1970): L'expansion océanique fossile, scs
implications gcotectoniques. Bull. Soc. géol. France
5. 159-160.

DESMURS, L., SCHALTEGGER, U., MANATSCHAL, G. and
BERNOULLL, D. (1999): Jurassic magmatic rocks
along a Tethyan ocean-continent transition, Platta
nappe (Graubiinden, eastern Switzerland). Poster.
74. Jahresversammlung der Schweiz. Akad. Natur-
wissenschaften (SANW). Luzern.

Dewey. I.F. and BirD. JM. (1970): Mountain belts and
the new global tectonics. J. Geophys. Res. 75, 2625-
2647.

DEWEY. L.E. PItMaN, W.C., RyaN, W.B.F. and BONNIN, J.
(1973): Plate tectonics and the evolution of the Al-
pine system. Geol. Soc. Amer. Bull. 84, 3137-3180.

DURAND-DELGA, M., PEYBERNES, B. and Rossi P.
(1997): Arguments en faveur de la position, au Juras-
sique, des ophiolites de Balagne (Haute-Corse,
France) au voisinage de la marge continentale eu-
ropéenne. C. R. Acad. Sci. Paris, Sciences de la terre
et des planetes 325, 973-981.

DURR. S.,RING, U. and FriscH, W. (1993): Geochemistry
and geodynamic significance of North Penninic

M. BILL. TH.E. NAGLER AND H. MASSON

ophiolites from the Central Alps. Schweiz. Mineral.
Petrogr. Mitt. 73,407-419.

ELTER, G., ELTER, P., STURANI, C. and WEIDMANN, M.
(1966): Sur la prolongation du domaine ligure de
I’Apennin dans le Montserrat et les Alpes et sur
I'origine de la nappe de la Simme s.l. des Préalpes
romandes et chablaisiennes. Bull. Soc. vaud. Sci. nat.
167,279-377.

FLoyp, PA. and WINCHESTER, J.A. (1975): Magma type
and tectonic setting discrimination using immobile
clements. Earth Planet. Sci. Lett. 27,211-218.

FLuck, W. (1973): Die Flysche der priaalpinen Decken
im Simmental und Saanenland. Beitr. geol. Karte
Schweiz (N.F.) 146, 1-87.

FriscH, W., RING, U., DURR, S., BORCHERT, S. and BIEH-
LER, D. (1994): The Arosa zone and Platta nappe
ophiolites (Eastern Swiss Alps): geochemical char-
acteristics and their meaning for the evolution of the
Penninic Ocean. Jahrb. geol. Bundesanst. (Wien)
137,19-33.

FUrreRr, U. (1977): Stratigraphie des Doggers der Ostli-
chen Préalpes Médianes (Stockhorngebiet zwischen
Blumenstein und Boltigen). Ph.D. thesis. Bern, Swit-
zerland, 176 pp.

GANSSER, A. (1974): The Ophiolitic Mélange, a world-
wide problem on Tethyan examples. Eclogae geol.
Helv. 67, 479-507.

GIRARDEAU, J. and MEVEL, C. (1982): Amphibolitized
sheared gabbros from ophiolites as indicators of the
evolution of the oceanic crust; Bay of Islands, New-
foundland. Earth Planet. Sci. Lett. 61, 151-165.

Hesepa, E.H., BOELRUK, N.A.LM., Priem, H.IN.A.,
VERDURMEN, E.A TH., VERSCHURE. R.H. and SimoN
O.J. (1980): Excess radiogenic Ar and undisturbed
Rb-Sr systems in basic intrusives subjected to Al-
pine metamorphism in southeastern Spain. Earth
Planet. Sci. Lett. 47, 81-90.

HoOCK, P and MILLER, C. (1987): Mesozoic ophiolitic se-
quence and non-ophiolite metabasites in the Hohe
Tauern. In: FLUGL, H. and FaupL. P. (eds): Geody-
namics of the Eastern Alps, 16-33. Franz. Deuticke,
Wien.

JArFrFE, F.C. (1955): Les ophiolites et les roches connexes
de la région du Col des Gets. Schweiz. Mineral.
Petrogr. Mitt. 35, 1-147.

LavuBscHER, H. (1969): Mountain building. Tectono-
physics 7, 551-563.

LE ROEX, A P., DICK-HENRY, ].B., ERLANK, A J., REID,
AM. FREY.FA.and HART,S.R. (1983): Geochemis-
try. mineralogy and petrogenesis of lavas erupted
along the Southwest Indian Ridge between the Bou-
vet triple junction and 11 degrees East. J. Petrol. 24,
267-318.

NAGLER, TH.F., PETTKE, T. and MARSHALL, D. (1995): In-
itial isotopic heterogeneity and secondary distur-
bance of the Sm-Nd system in fluorites and fluid in-
clusions: a study on mesothermal veins from the
central and western Swiss Alps. Chem. Geol. 125,
241-248.

NAGLER. TH. F. and KrRAMERS, J.D. (1998): Nd isotopic
evolution of the upper mantle during the Precambri-
an: Models, data and the uncertainty of both. Pre-
cambrian Res. 91, 233-252.

NOVARESE, V. (1895): Nomenclatura e sistematica delle
roccie verdi nelle Alpi occidentali. Boll. R. Com.
geol. ital. 26, 164-181.

NOVARESE, V. (1899): Le Alpi Piemontesi. Mem. Soc.
Geograf. Ital. 8, 25-81.

ODIN, G.-S. (1994): Geological time scale. C. R. Acad. Sci.
Paris, Sciences de la terre et des planetes, Série 11
318, 59-71.




MAFIC ROCKS FROM THE EARLY TETHYAN OCEANIC CRUST 145

OHNENSTETTER, M., OHNENSTETTER, D., VIDAL, P,
CORNICHET. J., HERMITTE, D. and MACE, J. (1981):
Crystallization and age of zircon from Corsican
ophiolitic albitites: conscquences for oceanic ex-
pansion in Jurassic times. Earth Planet. Sci. Lett. 54,
397-408.

PaGE. C. (1969): Observations géologiques sur les
Préalpes au NW des Gastlosen orientales. Bull. Soc.
Frib. Sci. Nat. 58, 83-177.

PEARCE. J.A. (1980): Geochemical evidence for the gen-
esis and eruptive setting of lavas from Tethyan
Ophiolites. In: PaNaviOTOU, A. (ed.): Ophiolites.
Proc. Int. Ophiol. Symp. Cyprus 1979, 261-272.

PeARrCE. LA, (1982): Trace elements characteristics of

lavas from destructive plate boundaries. In: THORPE,
R.S. (ed.): Andesites, 525-548. John Wiley and Sons,
Oxlord.

PrarCE. JLA. and Cann, J.R. (1973): Tectonic setting of

basic volcanic rocks determined using trace element
analyses. Earth Planet. Sci. Lett. 19, 290-300.

PEARCE. L.A. and NORRY, M.J. (1979): Petrogenetic im-
plications of Ti. Zr, Y, and Nb variations in volcanic
rocks. Contrib. Mineral. Petrol. 69, 33-47.

PEARCE. J.A.. ALABASTER, T. and SHELTON, A.W. (1981):
The Oman ophiolite as a Cretaceous arc-basin com-
plex: evidence and implications. Phil. Trans. R. Soc.
Lond. A 300,299-317.

PeETERS. T. and STETTLER, A. (1987): Radiometric age,
thermobarometry and mode of emplacement of the
Totalp peridotite in the Eastern Swiss Alps. Schweiz.
Mineral. Petrogr. Mitt. 67, 285-294.

PrelFER. H.R., CoLoMmBIL. A. and GANGUIN, I. (1989):
Zermatt-Saas and Antrona Zone: A petrographic
and geochemical comparison of polyphase meta-
morphic ophiolites of the West-Central Alps.
Schweiz. Mineral. Petrogr. Mitt. 69,217-236.

PorRTUGAL, M., FERREIRA, J.D., PUGA, E. and DIAZ DE
FREDERICO, A. (1988): Geochronological contribu-
tion to the petrogenetic picture of the Betic Chain
SE Spain. Il Congr. Geol. Espana, 2, 55-58.

PuGa, E. (1990): The Betic ophiolitic association
(Southeastern Spain). Ofioliti 15, 97-117.

PucGa. E.. Diaz DE FREDERICO. A. and DEMANT, A.
(1995): The eclogitized pillows of the Betic Ophi-
olitic Association: relics of the Tethys Ocean floor
incorporated in the Alpine chain after subduction.
Terra Nova 7.31-42.

PuGa, E., DiAz DE FREDERICO. A., BODINIER, J.L..
MONIE, P., MORTEN, L. and PORTUGAL, M. (1991):
The Betic ophiolitic eclogites, Nevado-Filabride
Complex, SE Spain. In: Second Eclogite Field Sym-
posium. Oxford. Terra Abstracts 3, 9-10.

RAASE. P. {1974): Al and Ti contents of hornblende, in-
dicators of pressure and temperature of regional
metamorphism. Contrib. Mineral. Petrol. 45,231-236.

RUBATTO. D.. GERAUER, D. and FANNING, M. (1998):
Jurassic formation and Eocene subduction of the
Zermaltt-Saas-Fee ophiolites: implications for the
gcodynamic evolution of the Central and Western
Alps. Contrib. Mineral. Petrol. 132, 269-287.

SaLMmi, F (1965): Etude pétrographique des roches
ophiolitiques des Préalpes romandes. Schweiz. Mi-
neral. Petrogr. Mitt. 45, 189-267.

SEPTFONTAINE, M. (1983): Le Dogger des Préalpes me¢-
dianes suisses et francaises (stratigraphie, ¢volution
paléogéographique et paléotectonique). Mém. Soc.
Helv. Sci. Nat. 97, 1-121.

SMITH. A.G. (1971): Alpine deformation and occanic ar-
eas of the Tethys, Mediterranean and Atlantic. Geol.
Soc. Amer. Bull. 82, 2039-2070.

STEINMANN, G. (1895): Geologische Beobachtungen in
den Alpen (I). Das Alter der Biindner Schiefer. Ber.
Natfl. Ges. Freiburg 1.Br. 9, 1-19.

STEINMANN, G. (1897): Geologische Beobachtungen in
den Alpen (I). Das Alter der Biindner Schiefer
(Fortsetzung und Schluss). Ber. Natf. Ges. Freiburg
i.Br. 10, 21-98.

STEINMANN, G. (1906): Geologische Beobachtungen in
den Alpen (I1). Die Schardtsche Uberfaltungstheo-
rie und die geologische Bedeutung der Tiefseeab-
sitze und der ophiolithischen Massengesteine. Ber.
Natf. Ges. Freiburg 1.B. 16, 1-49.

STEINMANN, M. and STILLE, P. (1999): Geochemical evi-
dence for the nature of the crust beneath the eastern
North Penninic basin of the Mesozoic Tethys ocean.
Geol. Rundschau 87, 633-643.

STILLE, P and SCHALTEGGER, U. (1996): The lithospheric
mantle beneath Central Europe: Nd isotopic con-
straints for its Late Proterozoic enrichment and im-
plications for Early crustal evolution. In: Basu, A.
and HART. S. (eds): Earth Processes: Reading the
Isotopic Code. American Geophysical Union. Geo-
physical Monograph Series 95, 269-276.

SUN, S.-S. and McDoNouGH, W.E. (1989): Chemical and
isotopic systematics of oceanic basalts: implications
for mantie composition and processes. In: SAUN-
DERs.A.D. and NORRY, M_J. (eds): Magmatism in the
ocean basins. Geological Society, London. Special
Publication 42, 313-345.

SUN, S.-S.. NESBITT, R.W. and SHARASKIN, A.Y. (1979):
Geochemical characteristics of mid-ocean ridge ba-
salts. Earth Planet. Sci. Lett. 44, 119-138.

TRUMPY, R. (19635): Zur geosynklinalen Vorgeschichte
der Schweizer Alpen. Umschau 18, 573-577.

VEIZER, J. (1997): Strontium isotopes in seawater
through time. Annu. Rev. Earth Planet. Sci. 17,
141-167.

VEIZER, J.. BUHL, D., DIENER, A., EBNETH, S., PODLAHA,
0O.G.. BRUCKSCHEN, P, Jasper, T., Korte, C.,
SCHAAF, M., ALA,D.and Azmy, K. (1997): Strontium
isotope stratigraphy: potential resolution and event
correlation. Palacogeogr. Palacoclimatol. Palac-
oecol. 132, 65-77.

VENTURELLIL, G., CAPEDRI, S., THORPE, R.S, and POTTS,
PJ. (1979): Rare-carth and other element distribu-
tion in some ophiolitic metabasalts of Corsica, West-
ern Mediterranean. Chem. Geol. 24, 339-353.

VENTURELLI, G., THORPE, R.S. and Potts, PJ. (1981):
Rare-carth and trace element characteristics of
ophiolitic metabasalts from the Alpine-Apennine
belt. Earth Planet. Sci. Lett. 53, 109-123.

VENTURINI, G., HUNZIKER, J.C. and PrerFer, H.R.
(1996): Gecchemistry of mafic rocks in the Sesia
Zone (Western Alps); new data and interpretations.
Eclogae geol. Helv. 89,369-388.

VOGGENREITER, W., HOTZL, H. and MECHIE, J. (1988):
Low-angle detachment origin for the Red Sea Rift
System? Tectonophysics 150, 51-75.

WORNER, G., ZINDLER, A. STAUDIGEL, H. and
SCHMINCKE, H.-U. (1986): Sr, Nd, and Pb isotope
geochemistry of Tertiary and Quaternary alkaline
volcanics from West Germany. Earth Planet. Sci.
Lett. 79,107-119.

ZINDLER, A.and HART, S. (1986): Chemical Geodynam-
ics. Annu. Rev. Earth Planet. Sci. 14, 493-571.

Manuscript received May 20, 1999: revision accepted
April 7, 2000.



	Major, minor, trace element, Sm-Nd and Sr isotope compositions of mafic rocks from the earliest oceanic crust of the Alpine Tethys

